When reacted together with uranyl ion under solvo-hydrothermal conditions, a bis(pyridiniumcarboxylate) zwitterion (L) and tricarballylic acid (H3tca) give the complex [NH4]2[UO2(L)2][UO2(tca)]4•2H2O (1). The two ligands are segregated into different units, an anionic nanotubule for tca 3-and a six-fold interpenetrated cationic framework with lvt topology for L. The entangled framework defines large channels which contain the square-profile nanotubules. Complex 1 has a quantum yield of 19% and its emission spectrum shows the superposition of the signals due to the two independent species.

The use of zwitterionic dicarboxylates with a large spatial separation between the two complexing sites, in association with diverse anionic dicarboxylates, has provided an efficient way to synthesize uranyl ion complexes with original features, among which the more remarkable are mixed-ligand ring-or cage-like molecular species, and woven, interpenetrated or polycatenated polymeric structures. 1,2 This strategy thus appears as a promising development in the area of uranyl-organic coordination polymers and frameworks. 3 A complication, however, is that even where a single product with the desired mixed-ligand composition is obtained, true heteroleptic metal ion centres where both ligands are bound to any one cation are not necessarily present. This we have observed in our work concerning uranyl ion coordination polymers derived from mixtures of poly-zwitterionic and poly-anionic carboxylate-donor ligands which, on the basis of extensive studies of simpler species, 4 are assumed to have essentially identical binding capacity of their carboxylate units. This work, 2,5 although first seeming to confirm the validity of this assumption, subsequently provided examples of single crystals containing independent cationic polymer units involving principally or solely the polyzwitterion and anionic polymer units involving just the polycarboxylate. 2b,d,5b While considerable progress has been made in the development of rational procedures providing mixed-ligand species with desired properties, 6 the isolation of mixed-ligand complexes of labile metal ions is complicated by the fact that it depends not only on solution equilibria but also upon solubility. The present work provides a further example of the remarkable structures that can result from such "aberrant" behaviour.

The complex [NH4]2[UO2(L)2][UO2(tca)]4•2H2O (1), where L is 1,1′-[(benzene-1,4-diyl)bis(methylene)]bis(pyridin-1-ium-4-carboxylate) and H3tca is tricarballylic acid (Scheme 1), has been synthesized ‡ under solvo-hydrothermal conditions and its crystal structure determined. § 1 crystallizes in the tetragonal space group Scheme 1 The ligands L and H3tca.

P42/n, with three independent uranium atoms, one of them on an inversion centre (Fig. 1). From previous work on uranyl ion Fig. 1 (a) View of complex 1. Displacement ellipsoids are drawn at the 50% probability level and carbon-bound hydrogen atoms are omitted. Hydrogen bonds are shown as dashed lines. Symmetry codes: i = -x, 1 -y, 2 -z; j = y -1/2, 1 -x, z + 3/2; k = 1/2 -y, x, 1/2 -z; l = x, y, z -1; m = 1/2 -y, x, 3/2 -z; n = 1 -y, x + 1/2, z -1/2; o = 1 -y, x + 1/2, z -3/2; p = x, y, z + 1; q = y, 1/2 -x, 3/2 -z; r = y -1/2, 1 -x, z + 1/2. (b) View of the six-fold interpenetrated, cationic framework with uranium coordination polyhedra shown in yellow. (c) View of the packing down the channel axis, with ammonium-containing nanotubes included.

complexes of tca 3-, 2b,7 it is known that this ligand has a tendency to generate tubular coordination polymers, 2b,7b,d and that with the metalladizwitterion [Ni(tpyc)2] (tpyc -= 4ʹ-carboxylato-2,2ʹ;6ʹ,2ʺterpyridine) it can form a true mixed-ligand species (in the sense that both of the inequivalent U VI centres are bound to both zwitterion and anionic carboxylate groups) which is tubular, 2b though of a rather different profile to the tubular species formed with tca 3-alone. 7b,d In the present case, the trianion forms two inequivalent but very similar monoperiodic, tubular coordination polymer units directed along [001], containing atoms U2 andU3 As in the U-Pb species, the tubes enclose ammonium cations, either one located on a two-fold rotation axis (Wyckoff position 4e) or two located on a four-fold rotoinversion axis (2a and 2b). All are involved in NHO hydrogen bonding to carboxylato (and one oxo) oxygen atoms [NO, 2.986(5)-3.242(3) Å; N-HO, 125-152°]. NN separations are, however, close to 5.0 Å for all ammonium cations both here and in the previous complex. While these ammonium cations presumably arised from complete oxidative decomposition of acetonitrile under solvothermal conditions in the former case, they are most probably a remainder of the NH4PF6 reactant used during the synthesis of the ligand here. That the square-profile, tubular {[UO2(tca)] -}n unit might act as an ammonium ion scavenger is a prospect to be investigated.

In the cationic part of the complex, [UO2(L)2] 2+ , the uranium atom U1 is in a centrosymmetric hexagonal bipyramidal environment, being  2 O,O'-chelated by two carboxylate groups and bound to two more monodentate carboxylate donors [U-O(oxo), 1.775( 4) Å; U-O(carboxylato), 2.324(3) Å for the monodentate group, 2.598(4) and 2.602(4) Å for the chelating group]. L adopts a divergent, S-shaped conformation and it bridges two uranyl cations, a situation most common with such flexible, zwitterionic dicarboxylates. 2c,d,5b U1 is thus a four-coordinated (4-c) node and L is a simple edge in the uninodal, triperiodic framework formed, which has the point symbol {4 2 .8 4 } and the lvt topological type. The L edges are sufficiently elongated (separation of 20.3366(4) Å between the bridged uranium centres) to allow for six-fold interpenetration to occur (Fig. 2). The entanglement pertains to class Ia (one translation only), and the full interpenetration vector is [001]. 8 Framework interpenetration with high multiplicity is not frequent in uranyl chemistry, but another sixfold 9 and one eight-fold 10 cases are known. When viewed down [100] (Fig. 1b), the structure displays alternate layers of uranyl cations and organic chains, with no -stacking interactions being apparent in the latter. The presence of large voids in the interpenetrated structure is shown by the value of 0.34 for the Kitaigorodsky packing index (KPI) calculated for the cationic polymer alone.

The most original feature of this structure is related to the association of the anionic and cationic polymers. The six interpenetrated networks define two sets of slightly different channels running along [001], centered on two-fold rotation or four-fold rotoinversion axes, with the oxo atoms of the corner-defining uranyl ions either directed toward the centre of the channel or away from it (Fig. 1c). The section of both channels is roughly square, with a side length of ⁓14 Å and a diagonal of ⁓19.8 Å. One of the two independent anionic tubules is included in each of these two channels, with an orientation slightly different when viewed down [001] (Figs. 1c and2d). Apart from electrostatic interactions, it is notable that two CH contacts involve one methylene proton in each of the two tca 3- anions [Hcentroid, 2.88 and 2.82 Å; C-Hcentroid, 144° for both]; one U=O interaction may also be present [O5centroid, 3.755( 4 Since the cationic and anionic polymers can in principle be separated without breaking of bonds, this arrangement is different from true 1D + 3D interpenetration, of which examples are known, 11 and it may more properly be termed "semi-interpenetration". Some simpler cases have previously been found in uranyl ion complexes, such as the inclusion of linear, dinuclear anions in the channels formed by the packing of diperiodic cations, both formed with a zwitterionic dicarboxylate, 2d and that of uranyl citrate anionic chains in the channels formed by layers of uranyl complexes with the zwitterion [Ni(tpyc)2]. 2b The use of large zwitterionic dicarboxylates thus appears to be of interest for the synthesis of complexes displaying original entangled structures, as shown also by a case of 2D + 3D heterointerpenetration. 2d An interesting point concerns the presence of template effects in the formation of 1. Ammonium cations probably play a structuredirecting role in the formation of the nanotubules with square crosssection as observed here and in [NH4][(UO2)2Pb(tca)2(NO3)(bipy)], as indicated by larger nanotubules, with a hexagonal cross-section, being formed in the presence of the [Co(en)3] 3+ counterion, also an efficient hydrogen bond donor. 7d In a second step, the nanotubules themselves could be necessary for the formation of the six-fold interpenetrated framework, although further investigation of uranyl ion complexes containing the ligand L will be needed to specify the possible range of different structures attainable (preliminary results show that a completely different structure is obtained with the ketopimelate coligand). If such a structure-directing effect were real, the formation of 1 would entail a nested, two-fold templating phenomenon, with ammonium as a sort of "second-sphere" structure-directing species for the framework.

The emission spectrum of 1 was measured in the solid state under excitation at 420 nm. The photoluminescence quantum yield (PLQY) reaches 19%, a high value for a carboxylate uranyl ion complex. The spectrum displays the broad envelope of several emission peaks which can be separated by Gaussian deconvolution (Fig. 3). The first six intense peaks after deconvolution are easily identified as pertaining to two families (green and orange in Fig. 3), while the two weaker, very broad and most red-shifted peaks are presumed due to unresolved Fig. 3 Emission spectrum of complex 1 (red) and deconvoluted components, measured in the crystalline state upon excitation at 420 nm. minor components. Each set shows the usual vibronic fine structure typical of uranyl ion emission (S11  S00 and S10  S0 ( = 0-4) electronic transitions), 12 with average splitting energies of ⁓800-900 cm -1 . The first series (dashed green) has maxima at 479, 501 and 521 nm, and the second (full orange) at 489, 509 and 531 nm. Both sets of values are within the range usually observed for six-coordinate carboxylate uranyl ion complexes. 13 Although the relative emissive powers of the cation and anion are unknown, it seems reasonable to attribute the most intense peaks to the nanotubules, which contain four times as many emitters as the framework; as further corroboration of this attribution, it can be remarked that the three main peaks of other uranyl tricarballylate complexes, measured under the same conditions, are at 484/495, 504/516 and 526/539 nm, 7d i.e. values which flank the present ones. If so, the nanotubules would correspond to the most red-shifted signals. This would indicate that the donor strength in the equatorial plane is greater in the anionic than in the zwitterionic complex, since it is known to induce a decrease in the bond order of oxo groups to uranyl. 14 Evaluation of bond strengths from bond lengths as provided by calculation of bond valence parameters 15 confirms this trend, with values for axial/equatorial components of 3.436/2.532 for U1, 3.406/2.694 for U2 and 3.393/2.726 for U3, indicating greater strength of the oxo bonds in zwitterion-bound U1 than in anionic carboxylate-bound U2 and U3 (overall bond valence parameters, 5.97, 6.10 and 6.12, respectively).

The structure of complex 1 provides another remarkable example of the variations possible in mixed-ligand coordination polymers, one where the dizwitterion and the anionic carboxylate have independent roles. Although many interpenetrated or polycatenated uranyl ioncontaining systems are presently known, with even instances of heterointerpenetration of motifs with different chemical nature and periodicity, 2d the present inclusion of a monoperiodic nanotubular structure into the intricate scaffold formed by a six-fold interpenetrated framework is unprecedented. Another novel feature of the complex is the apparently clear distinction of the two emissive uranyl centres, raising the prospect of site-selective excitation given that only the interpenetrated polymers contain aromatic moieties possibly acting as antennae. More generally, this result is an example of the unusual supramolecular architectures which can be built through use of the peculiar coordination preferences of the uranyl cation, other fascinating cases ranging from cages to porous frameworks and quasicrystals having been reported lately. 16 
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  , which are both dimensionally almost identical with that found in [NH4][(UO2)2Pb(tca)2(NO3)(bipy)] (bipy = 2,2ʹ-bipyridine), 7b involving the ligand as a tris( 2 O,O') chelate linking hexagonal-bipyramidal U VI centres [U-O(oxo), 1.769(3)-1.790(4) Å; U-O(carboxylato), 2.439(3)-2.478(3) Å in 1].

  ) Å; U3-O5centroid, 107.61(15)°]. As usual, several CHO hydrogen bonds are also formed between the two polymeric motifs [CO, 2.993(6)-3.455(7) Å; C-HO, 114-156°]. The packing is quite compact, as shown by the KPI of 0.74.

Fig. 2

 2 Fig. 2 (a) Nodal representation of a single network with lvt topology in 1 down a direction slightly rotated from [103] (yellow, U nodes; blue, L edges). (b) and (c) Two views of the six-fold interpenetrated networks, down a direction slightly rotated from [100] or [001], respectively. (d) Nanotubes (red) included in the channels of the framework (blue), viewed down [001].
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Notes and References ‡ Synthesis of L. LH2(PF6)2 was prepared by slight modifications of the method reported in the literature. 17 1,4-Bis(bromomethyl)benzene (2.6 g, 10 mmol) and ethyl isonicotinate (3.3 g, 22 mmol) were dissolved in acetonitrile (50 mL) and heated under reflux for 48 h, then cooled to room temperature. The solid was filtered and washed with acetonitrile, then dissolved in 5% HCl (50 mL) and refluxed for 5 h. The white product formed was filtered and washed with a small amount of cold water, then dissolved in a minimum amount of water before adding NH4PF6 until no further precipitate was formed. The resulting white precipitate was filtered and recrystallized three times before being filtered again, washed with a small amount of cold water, and dried under vacuum. Yield, 48%. 1 H NMR (400 MHz) in D2O: δ 8.94 (d, 4H), 8.31 (d, 4H), 7.46 (s, 4H), 5.81 (s, 4H) (Fig. S1 †). Synthesis of complex 1. LH2(PF6)2 (26 mg, 0.04 mmol), H3tca (9 mg, 0.05 mmol), [UO2(NO3)2(H2O)2]•4H2O (25 mg, 0.05 mmol), N,Ndimethylacetamide (0.2 mL), and demineralized water (0.7 mL) were placed in a 10 mL tightly closed glass vessel and heated at 140 °C under autogenous pressure in a sand bath, giving light yellow crystals of complex 1 within three days (19 mg, 68%). Anal. Calcd for C64H64N6O44U5: C, 27.34; H, 2.29; N, 2.99. Found: C, 27.16; H, 2.38; N, 3.04%). § The data were collected at 100(2) K on a Bruker D8 Quest diffractometer using an Incoatec Microfocus Source (IS 3.0 Mo) and a PHOTON III area detector, and operated with APEX3. 18 The data were processed with SAINT, [START_REF]SAINT, ver. 8.40A; Bruker Nano[END_REF] and empirical absorption corrections were made with SADABS. [START_REF]SADABS, ver[END_REF] The structure was solved by intrinsic phasing with SHELXT, [START_REF] Sheldrick | [END_REF] and refined by full-matrix least-squares on F 2 with SHELXL, 22 using the ShelXle interface. 23 The hydrogen atoms of the ammonium cations were found on a residual electron density map, displaced to the proper distance, then treated as riding atoms since they were somewhat unstable upon refinement. A restraint was applied on the displacement parameter of the nitrogen atom of one of the three independent ammonium cations, which is possibly slightly disordered. Drawings were made with ORTEP-3 24 and VESTA, 25 and the topological analysis with ToposPro. 26